The transcriptional regulation of genes is a complex process, particularly for genes exhibiting a tissuespecific pattern of expression. We studied 28 genes that are expressed primarily in endothelial cells, another 28 genes that are expressed highly, but not exclusively, in cultured endothelial cells, and three control sets, consisting of genes not expressed in endothelium, genes expressed in neural tissues and housekeeping genes. For each gene, we identified conserved non-coding sequences (CNSs) of lengths 50 to >1000 nucleotides, located within the upstream intergenic region (from 500 to as far as 200 000 nucleotides upstream from the transcription start) or within the first intron. As a functional test, we assayed the CNSs from the set of endothelial cell-specific genes (EC-CNSs) for DNase hypersensitivity. Among 262 distant EC-CNSs, 33% are hypersensitive (HS) in endothelial cells, whereas only 16% are HS in control fibroblasts. A search for short sequence patterns revealed a number of motifs which are over-represented in EC-CNSs relative to CNSs from the control gene sets. In particular, the motif SAGGAAR is strongly and consistently overrepresented among EC-CNSs, and is more over-represented in HS CNSs than in non-HS CNSs. CNSs which contain this motif are no closer to the promoter than an average CNS. This motif contains the core element of binding sites from the Ets family of transcription factors. Thus, one or several factors from this family may play a key role in the regulation of endothelial gene expression.
INTRODUCTION
The regulation of transcription in complex multicellular organisms, such as mammals, is a very elaborate process. In contrast to yeast, in which the upstream activating sequences that participate in the regulation of a particular promoter are located relatively close to it (1, 2) , mammalian promoters can be regulated by more distant sequences. For example, expression of von Willebrand factor (VWF ), a highly tissuespecific gene, appears to depend substantially on such distant sequences. VWF is expressed at varying levels in nearly all vascular endothelial cells (3) , and its expression is restricted to endothelial cells (4) and megakaryocytes (5) . Transgenic mice carrying only proximal regulatory sequences (from 22.6 kb upstream of the transcription start site to the end of intron 1) express VWF in some, but not all, populations of endothelial cells (6) . In vertebrate genomes, long intergenic regions in the order of 10 4 to 10 5 nucleotides (76 kb for human VWF ) (7) provide ample room for such distant regulatory sequences.
A substantial fraction of non-protein coding sequences, which comprise 99% of a mammalian genome (8) , appear to be functionally important. Many genomic segments with functional attributes are controlled by negative selection and, thus, evolve slowly. Alignments of orthologous regions from moderately distant genomes reveal that at least 5-10% of intergenic human sequences are under selective constraint (8 -11) ; this estimate falls to 1% when considering extremely conserved sequences (12) . Conserved, and presumably functionally important, genome segments differ from the rest of the genome. In particular, a number of short (5 -20 nucleotides) sequence motifs are over-represented in human conserved non-coding sequences (CNSs) (13) . At least some CNSs regulate transcription from promoters of adjacent genes, often located at considerable distances. For example, key enhancer elements that control expression of the human b-globin gene reside in a locus control region 50 -70 kb upstream of the b-globin transcription start site (7, 14, 15) .
One way to characterize the function of a CNS is to assay for hypersensitivity to DNase I cleavage. The presence of a DNase hypersensitive (HS) site is thought to indicate an open chromatin state and to suggest the binding of a transcription regulatory complex (16, 17) . CNSs can be assayed for DNase hypersensitivity in a high-throughput way by performing quantitative PCR across or within the CNS (18, 19) . If a CNS is hypersensitive, it will require additional cycles of PCR to amplify an equivalent amount of product from DNasedigested template DNA than from undigested template DNA.
Here, we report data on the role of distant CNSs in the regulation of transcription of endothelial genes. We show that many such CNSs are DNase-hypersensitive, especially in endothelial cells, and that they contain characteristic sequence motifs.
RESULTS

Conserved non-coding sequences
Human -mouse sequence comparison reveals a substantial number of CNSs, adjacent to all the analyzed genes (Table 1) . Most CNSs are located in intergenic regions, but the first introns also contain a substantial fraction of CNSs. In fact, for each gene set the density (per kb) of CNSs in the first introns is higher than in the intergenic regions. The GC content of the CNSs (40%) was not substantially different from the average GC content of the analyzed intergenic regions.
DNase hypersensitivity of EC-CNSs
Using quantitative PCR, we assayed each of the 262 CNSs adjacent to the 28 endothelial cell-specific genes from set endothelial-1 (EC-CNSs) for DNase I hypersensitivity (Table 2 and Fig. 1 ). Thirty-three percent of the EC-CNSs from successful reactions (79/240) were hypersensitive in cultured human umbilical vein endothelial cells (HUVECs), and 16% (36/226) were hypersensitive in cultured primary human foreskin fibroblast cells (HFFs). Twenty percent of the EC-CNSs scorable in both cell types (45/222) were hypersensitive only in endothelial cells, suggesting that this group may contain novel endothelial-specific transcriptional elements. Figure 2 shows the locations, relative to the transcription start site, of various classes of HS EC-CNSs as well as the set of all 262 EC-CNSs. EC-CNSs HS in HUVECs or HFFs are generally distributed similarly when compared with all EC-CNSs, although the former include few very distal EC-CNSs. As these distal CNSs are few in number, this difference may not be significant. Table 3 lists the 10 most over-represented motifs of width 7 found by the discriminating matrix enumerator (DME) (20) in CNSs from sets endothelial-1 and endothelial-2, which were analyzed independently. The CNSs from the three control gene sets (non-endothelial, neural and housekeeping) were combined and used as a background set in both analyses.
Motifs in CNSs
A large fraction of over-represented motifs found in both endothelial sets of CNSs is, in fact, a variation on one common theme (Table 4 ). This abundant endothelial motif can be represented as SAGGAAR. Motif TGASTCA, which is highest scoring in set 2, is a palindrome, so that each of its occurrences is counted twice. This may inflate the significance of its over-representation. Other over-represented motifs are set-specific. Figure 3 shows the occurrences of the SAGGAAR motif in CNSs from each endothelial gene set as a function of the distance from the transcription start site. The location of all CNSs in the set are also shown for comparison. There is no substantial difference between the distribution of the SAGGAAR motif in CNSs and the distribution of all CNSs in either endothelial gene set.
The SAGGAAR motif is also over-represented when either endothelial set of CNSs is compared against a background set of randomly generated sequences. However, such comparison reveals several other motifs, which are not over-represented when CNSs from the three control gene sets are used as the background set (data not shown). It might be expected that all CNS sets are enriched for some generic regulatory motifs which, however, do not distinguish endothelial CNSs from others. In addition, using an independent algorithm (a standard single-link cluster analysis of over-represented motifs found by pairwise alignment of the same human-mouse alignments) (13), we again identified the SAGGAAR motif as the most common endothelial motif (data not shown).
Finally, we searched for over-represented motifs in the subset of EC-CNSs hypersensitive only in HUVECs, and the subset of EC-CNSs not hypersensitive in either HUVECs or HFFs, both against a background set of randomly generated sequences. The SAGGAAR motif was found in both, but over-represented to a greater degree in the HUVEC-specific hypersensitive set of EC-CNSs (Table 5) .
DISCUSSION
Human -mouse comparisons of sequences flanking endothelial-specific and control genes revealed a number of CNSs. For the average number and the overall length of the CNSs which correspond to a protein-coding gene (Table 1) , we obtain values which are consistent with previous estimates (9, 13) . When even weakly conserved sequences are taken into account, CNSs cover .10% of non-coding DNA (9) . In contrast, if only strongly conserved sequences are considered, as in the current analysis, CNSs cover 3% of non-coding DNA (8) . CNSs frequently extend many hundreds of nucleotides in length and reach up to 90% human -mouse identity. Some genes had very many more elements than other genes, though roughly correlated to the length of the intergenic region. We excluded the proximal 500 nt of intergenic sequence as containing core promoter elements which would be expected to be conserved among genes of all types (not just tissue-specific). Thus, we considered only CNSs more distant from the start of transcription, located either upstream of these sites or in the first introns of the corresponding genes.
As the regulation of transcription is likely to be very similar in human and mouse, we would expect important transcriptional elements to be found among CNSs. The length and number of CNSs associated with a housekeeping gene is much smaller than in genes with tissue-specific expression (Table 1) . However, the intergenic regions upstream of housekeeping genes are correspondingly shorter (a pattern previously reported (21, 22) ), and the CNSs identified account for a comparable proportion of intergenic sequence as in the other gene sets. Given that housekeeping genes presumably require a less complex gene expression program, it follows that they would also require fewer CNSs.
The presence of a DNase-hypersensitive site within a CNS suggests functional significance within the corresponding tissue. In testing the 262 EC-CNSs from endothelial set 1 for 6  6  2  6  2  1  PROCR  5  3  0  4  1  0  ROBO4  3  3  3  3  2  1  SDPR  18  17  4  16  2  2  SELE  6  5  1  3  0  1  SERPINE1  7  7  7  7  5  2  TEK  9  8  3  7  2  1  TFPI  3  3  1  3  0  1  THBD  5  3  1  3  0  1  TMSB4X  9  8  4  8  3  1  UTRN  21  19  6  17  3  3  VWF  10  9  6  6  2  2   Total  262  240  79  226  36  45  %  3 3  1 6  2 0 Rxns, number of successful quantitative PCR reactions for the given cell type; HS, number of EC-CNSs hypersensitive for the given cell type; HUVEC-specific, number of EC-CNSs HS in HUVECs but not in HFFs (both reactions must be successful to be classified as such). 'Average length of intergenic region' represents the average intergenic length analyzed in this study, measured from the transcription start of the gene of interest to the proximal end of the 5 0 upstream gene. Some genes had very large (.400 kb) upstream intergenic regions; for these, only the proximal 200 kb (for set endothelial-1) or 100 kb (for the other sets) were analyzed, and these values were excluded from the averages presented in the table. One gene had a very large intron 1 (.250 kb); only the proximal 100 kb was used, and it was excluded from the average intron length calculation as well.
DNase hypersensitivity in fibroblasts, we found the background level of hypersensitivity to be 16% ( Table 2 ). Some of the 28 genes which we considered to be endothelial-specific may have some background level of transcription in fibroblasts, or illegitimate transcription in cell culture. This may contribute to the fraction of endothelial CNSs that were found to be hypersensitive in fibroblasts. Also, eight EC-CNSs were found to be hypersensitive in fibroblasts but not in endothelial cells. It is possible that these sequences are involved in the transcription of a nearby fibroblast-expressed gene but do not affect the neighboring endothelial gene.
The higher percentage of EC-CNSs that were hypersensitive in HUVECs (33%) than in HFFs (16%) suggests that many of these EC-CNSs may regulate endothelial-specific gene expression. In addition, not all of the endothelial-specific genes may have been expressed at in vivo levels in the cultured HUVECs. There is a great deal of diversity among endothelial cells, and although HUVECs are commonly used for in vitro experiments, it is known that expression levels of endothelial genes vary among endothelial subtypes (3). Also, non-HS EC-CNSs from genes that had few or no HS EC-CNSs may in fact be important for endogenous gene expression.
Transcription factors are generally envisioned to bind cooperatively to sequences that correspond to short and often degenerate motifs. Finding such functional motifs is a key challenge of the post-genome era. Our comparative analysis of CNSs from the two endothelial sets versus control CNSs revealed one primary motif, SAGGAAR, that is overrepresented in endothelial CNSs (Table 3 ). In fact, several of its variants, differing from each other by nucleotide shifts, are often found by DME separately (Table 4) . Although an individual motif might be over-represented by chance, it is unlikely that the same core motif will be over-represented several times in the same data set. Furthermore, the same motif is found in a second independent set of conserved sequences from genes with high endothelial expression. Analysis of our control sets also finds over-represented motifs, but no one motif is found in multiple high-scoring variations, as was the case for the endothelial sets. In addition, SAGGAAR is more over-represented in HS EC-CNSs than in non-HS EC-CNSs (Table 5) . Thus, we believe that this motif has functional significance in the endothelial gene expression program.
SAGGAAR occurs in both intergenic regions and first introns with approximately the same distribution as the endothelial sets of CNSs (Fig. 3) , suggesting that it may act in both proximal and long-range gene regulation. SAGGAAR contains the core binding sequence (GGAW) of the Ets family of transcription factors, which contains over 20 members. At least three of these members are known to be expressed in endothelial cells and thought to be involved in the regulation of endothelial gene expression (23) (24) (25) . A specific Ets family member may be critical for determining the endothelial-specific gene expression program. For example, VWF (one of our 28 endothelial-specific genes) contains several known Ets sites in its promoter, one of which has been shown to activate expression in vitro (23) . In addition, our analysis has discovered a pair of conserved Ets sites 57 kb upstream from the VWF transcription start, and a second pair, 1.7 kb downstream from the first pair. The functional importance of these sites is currently being examined.
MATERIALS AND METHODS
Gene sets
We assembled five sets of genes as follows:
A set of 28 genes (endothelial-1) with well-characterized endothelial-specific expression was compiled from a microarray study (26) (19 genes) as well as a survey of the literature (nine additional genes).
A set of 28 genes (endothelial-2) with high endothelial expression was identified by searching SymAtlas (Genomics Institute of the Novartis Research Foundation) (27) , Human GeneAtlas U95A, for genes with expression in HUVECs greater than 10 times the median expression (26 genes), and for genes that correlated with the VWF expression pattern (R . 0.7, two additional genes).
A control set of 33 genes with very low or no endothelial expression was identified by searching SymAtlas (27) , Human GeneAtlas U95A, for genes with expression in HUVECs 20 times less than the median expression and with an average difference value of less than 100. One human gene, CGB, lacked a clear murine ortholog and was excluded, resulting in a total of 32 genes for this set.
A control set of 20 genes with high neural expression was identified by searching SymAtlas (27) , Human GeneAtlas U95A, for genes with brain expression greater than 30 times the median expression and HUVEC expression less than 0.5 times the median.
A control set of 18 housekeeping genes was identified from the literature, using three studies that examined endogenously expressed control genes (28 -30) .
Comparative sequence analysis
For each of the genes above, we obtained orthologous human and mouse sequences beginning at the proximal boundary (transcription start or end of last exon) of the adjacent 5 0 gene and extending to the end of intron 1 of the gene of interest. The resulting sequences encompassed the entire 5 0 intergenic region as well as exon 1 and intron 1. For genes with very large (.400 kb) intergenic regions, only the proximal 200 kb (for set endothelial-1) or 100 kb (for the remaining sets) of human sequence (and the orthologous mouse sequence) were used. For the one gene with a very large (.200 kb) intron 1, only the proximal 100 kb was used. The orthologous sequences were repeatmasked [RepeatMasker (31) ] and then aligned using OWEN (32) , using an initial maximal P-value of 10 26 , requiring 10 matches to begin an alignment, and extending the alignment when at least six of eight positions matched. Alignments were manually curated, and those with higher identity and greater length were selected as CNSs. For genes with intergenic regions and first introns with high human-mouse similarity, we chose the best alignments (generally ,30, with .80% identity). If relatively few (,10) alignments were found, the parameters were relaxed (identity .70%). Conserved sequences within 1 kb of each other were considered part of the same CNS and were grouped as such. Intergenic CNSs found within the proximal 500 nt (core promoter region) or the distal 1 kb (core elements for the upstream gene) as well as exon 1 CNSs were excluded from further analysis. Details for each gene Motifs marked with an asterisk are displayed as the reverse complement of the actual motif reported by DME (so as to list the purine-rich strand). FG, number of occurrences in the foreground set (the set being analyzed); BG, number of occurrences in the background set (a comparison set used as a control); Corr. BG, number of background occurrences, corrected for the difference in the lengths of the foreground and background sets; FG/Corr. BG, the ratio of foreground occurrences to the corrected number of background occurrences, which is interpreted as the level of over-representation in the foreground set when compared with the background set. 
Hypersensitivity analysis
Genomic DNA from HUVECs (Cambrex) and human foreskin fibroblasts (HFF-2, ATCC) were prepared as previously described (19) . Briefly, cells were grown in culture to confluence, harvested by trypsinization, washed and nuclei collected by 0.1% NP40 treatment and subsequent centrifugation. Genomic DNA was digested with increasing amounts of DNaseI (Promega) and visualized on a 0.8% agarose gel. For quantitative PCR, digested and undigested DNA samples were diluted to 1.7 ng/ml and 5 ml were plated onto 384-well clear optical reaction plates (Applied Biosystems). Primers were designed to amplify a 200 -300 bp region surrounding or contained by each of the 262 EC-CNSs described earlier.
Quantitative PCR was performed using a SYBR-green QPCR master mix (Qiagen) and an ABI 7900 real-time PCR machine (UMCCC microarray core). Quantitative PCR was utilized as a high-throughput method to test these sites. Amplification of a target across a hypersensitive site will require additional cycles to reach a particular amount of product than a non-HS site. The difference in the number of cycles to reach a threshold product level between a digested sample and an undigested control is called the DCt value. Depending on the experiment, between 20 and Figure 3 . Locations of the SAGGAAR motif in CNSs from each of the two endothelial gene sets. The histograms shown represent the locations of the set of 262 EC-CNSs found in set endothelial-1, the set of 356 CNSs found in set endothelial-2 and the locations of the SAGGAAR motifs detected by DME in each set, relative to the transcription start sites of the corresponding genes. Each CNS or motif was binned in the same manner as in the previous figure (Fig. 2) .
73 randomly picked regions of the genome were amplified to determine the background level of DNase digestion. Sites with a DCt value greater than two standard deviations from the mean of the distribution of DCt values from the random sites were considered to be hypersensitive.
Motif analysis
We used DME software, kindly provided by Andrew Smith, to search for over-represented motifs in our sets of conserved sequences (20) . We generated sets of random sequence of similar length and nucleotide content to act as a background set.
Within DME, two primary user-defined parameters are motif width (w) and minimum information content (in bits per column, I). Through several trials, we determined that using w ¼ 7 and I ¼ 1.8 gave us a sufficiently large number of motif occurrences to discriminate them from background noise.
